An ultra-long, low-threshold and high-stability Random distributed feedback fiber laser (RDF-FL) based on Erbium-doped fiber (EDF) to provide the gain medium, and single mode fiber (SMF) as a distributed mirror in combination with fiber-brag grating (FBG) to form the cavity is proposed in this paper. Typical random laser radiation for a SMF length of 50 km with a low-threshold of 10 dBm and high-stability (~0.1 dB) is achieved, thanks to the design of the cavity and the high-gain from the pumped erbium-doped fiber. Besides, 200 km quasi-losses random laser due to the distributed mirror and the FBG reflector is demonstrated.
INTRODUCTION
Since the first work about the random distributed feedback fiber laser [1] , based on distributed Rayleigh scattering and Raman amplification in a long-distance single mode fiber, this new laser structure has been widely studied. Different configurations of these random fiber lasers have been proposed in order to obtain tunable lasers, multivawelength lasers, narrow linewidth, and optimization of the gain [2] [3] [4] . The main advantage of these lasers is that its configuration is simple without using mirrors to trap the light. However, the backward Rayleigh scattering is an optical effect very weak and consequently high threshold pump powers are required ( aprox. 1,6W) and the linewidth is broad (aprox. 1nm). A simple method to improve these performances of these lasers is to use an optical mirror, e,g., an fiber Bragg grating at one end of the SMF [5] .
The active fiber, such as the Erbium doped fiber, could be used as gain medium instead of the Raman gain [6, 7] . In this case, when the EDF was pumped this fiber itself can provide the necessary gain and the SMF behaves as a random distributed feedback mirror through Rayleigh scattering, to generate a lasing signal.
In this paper we have demonstrated a very stable, low threshold erbium fiber laser based on resonance between the distributed random Rayleigh scattering in a very long SMF (50 km) acting as a distributed mirror and a FBG reflector generating typical random laser radiation. In addition, we have achieved a 200 km lossless random fiber laser regarding setup with lower fiber lengths (100 and 150 km).
SETUP AND RESULTS
The schematic diagram proposed on figure 1 consists of a Raman fiber laser pumping on 1450 nm with a maximum output power of 0.5 W, a WDM working on 1480/1550 nm, a 7 meters EDF with a mode field diameter of 6,5 μm and a peak absorption coefficient of 30 dB/m at 1530 nm, a long-distance SMF-28 (over 200 km in stretches of 50 km), a FBG reflector with a central wavelength of 1552.45 nm, a reflectivity over 90% and a bandwidth of 0.4 nm, two 90/10 couplers and a 1550 nm circulator. The output is measured by using an OSA with a resolution of 0.01nm and a sensitivity of -70 dBm. As shown in figure 1 , the fiber laser is pumped from the left side of the system, assisting the process of random lasing using the EDF gain and the cavity formed by the FBG and the random distributed feedback (RDFB) through Rayleigh scattering into the SMF. When the pump power emitted is enough to provide the necessary gain to overcome the cavity losses, the amplified spontaneous emission of the EDF allows the resonance between the reflector and the backscattering effect that generates a selective wavelength random lasing with a low threshold. Furthermore, the gain profile generated by the EDF on C-band (1530 nm peak absorption) improves the random signal emission all over the cavity.
In this experimental setup, two random lasing systems ( fig.1a and 1b) have been compared using different lengths (50, 100, 150 and 200 km) to study the effects of the long-distance SMF on random lasing. Figure 2 shows the corresponding spectrums in the forward and backward output end at 24 dBm pump power when is being used a 50 km SMF length. It can be seen that the output power spectrum measured from both ends are different, although it has the same SMF fiber length, due to the fiber propagation losses of the SMF. For this reason the peak power is reduced at the right end of the cavity in comparison with the output power measured at the left end. In terms of signal to noise ratio (SNR), attending to fig. 2 , it's about 45 dB measuring from the left end and 55 dB from the right end. The difference in SNR for the two output ends is introduced by the differences in both the output power and the ASE noise level.
Considering this case, there is also a significant difference using a circulator at the end of the cavity, which allows recirculating the signal into the cavity improving the conditions of power temporary stability of the random lasing, and providing a better power response, increasing the output power level in 2~3 dB. Besides, the laser line width is practically the same (~1 nm), only changing in function of the pump power fixed, so the use of this type of passive devices gives stability without modifying the laser properties.
Another interesting factor, is the low lasing threshold due to the FBG reflector and the high gain medium from the EDF, achieving random fiber laser with a 10 dBm threshold, which is two magnitude orders lower than random lasing with distributed Raman effect. This low threshold is practically the same when the SMF length is 100, 150 and 200 km because of the cavity formed by the SMF fiber acting as a distributed mirror and working together with the FBG reflector. In terms of output power, figure 3 and 4 shows the measured spectrum of random lasing at the left end of the system when the SMF length is 50, 100, 150 and 200 km using a 24 dBm pump power, and the output power versus pump power respectively. As it can be appreciated, the signal hardly incurs losses achieving an ultra-long lasing with no propagation losses due to the same reason exposed above. On another hand, the instability was defined as the output power variations (measured in dB for a given interval of time and a specific confidence level (CL), that is the probability value associated with a confidence interval, given as a percentage. In these experiments a confidence level of 90% was used and each configuration was tested 160 times during 40 minutes. In this case, the temporary stability worsens when the SMF length increases from 50 km to 100 km and above, so including the circulator on the right end point of the system only ensures high-efficient stability for 50 km SMF length which is ~0.09 dB, while if the circulator is removed instability increases to ~4 dB.
CONCLUSIONS
An ultra-long, high-stability, low-threshold and narrow line width random laser based on EDF as gain medium and the distributed mirror formed by RDFB through Rayleigh scattering in long-distance SMF has been achieved. The stability has been measured for different fiber lengths, obtaining high-stability and efficiency not exceeding 50 km lengths. The threshold for random laser excitation is very low (~ 10 dBm) due to the high gain provided by the EDF and the mirror formed by the random distributed feedback in conjunction with FBG and the optical output power measured is almost the same for all SMF lengths, ignoring propagation losses introduced by the fiber itself. The maximum pump efficiency is comparable to normal erbium-doped fiber lasers.
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